Similar to IL-1α and IL-33, IL-1 family member IL-37b translocates to the nucleus and is associated with suppression of innate and adaptive immunity. Here we demonstrate an extracellular function of the IL-37 precursor and a processed form. Recombinant IL-37 precursor reduced LPS-induced IL-6 by 50% (P < 0.001) in highly inflammatory human blood-derived M1 differentiated macrophages derived from selective subjects but not M2 macrophages. In contrast, a neutralizing monoclonal anti-IL-37 increased LPS-induced IL-6, TNFα and IL-1β (P < 0.01). The suppression by IL-37 was consistently observed at low picomolar but not nanomolar concentrations. Whereas LPS induced a 12-fold increase in TNFα mRNA, IL-37 pretreatment decreased the expression to only 3-fold over background (P < 0.01). Mechanistically, LPS-induced p38 and pERK were reduced by IL-37. Recombinant IL-37 bound to the immobilized ligand binding α-chain of the IL-18 receptor as well as to the decoy receptor IL-1R8. In M1 macrophages, LPS increased the surface expression of IL-1R8. Compared with human blood monocytes, resting M1 cells express more surface IL-1R8 as well as total IL-1R8; there was a 16-fold increase in IL-1R8 mRNA levels when pretreated with IL-37. IL-37 reduced LPS-induced TNFα and IL-6 by 50-55% in mouse bone marrow-derived dendritic cells, but not in dendritic cells derived from IL-1R8-deficient mice. In mice subjected to systemic LPSinduced inflammation, pretreatment with IL-37 reduced circulating and organ cytokine levels. Thus, in addition to a nuclear function, IL-37 acts as an extracellular cytokine by binding to the IL-18 receptor but using the IL-1R8 for its anti-inflammatory properties.
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endotoxemia | immunity | inflammasome I L-37, previously known as IL-1 family member 7, broadly reduces innate inflammation as well as acquired immune responses (1) . In human peripheral blood mononuclear cells (PBMCs), a knockdown of endogenous IL-37 results in increased production of LPS-as well as IL-1β-induced cytokines (2) . Mice transgenic for full-length human IL-37 (IL-37tg) are protected against LPS-induced systemic inflammation (2), chemical colitis (3), metabolic syndrome (4), and acute myocardial infarction (5). IL-37tg mice also have suppressed immune responses following challenge by specific antigen (6) . We believe that full-length IL-37 expressed in the transgenic mice is processed extracellularly.
In mouse macrophages stably transfected with human IL-37, ∼20% of IL-37 translocates to the nucleus (7), which is associated with decreased cytokine production (2, 7). However, in the presence of a caspase-1 inhibitor, there is no translocation to the nucleus and no reduction in LPS-induced cytokines (7) . Mutation of aspartic acid at the caspase-1 cleavage position 20 to alanine also results in failure to translocate to the nucleus and loss of the suppression of cytokine production (8) . Thus, as with IL-1α and IL-33, IL-37 is the third member of the IL-1 family that translocates to the nucleus and affects cellular responses. Nevertheless, it remains unclear whether the reduction in cytokines in vitro or in vivo is due solely to nuclear translocation of IL-37.
Support for an extracellular function for IL-37 comes from early studies reported over 10 y ago that demonstrated binding of IL-37 to the α-chain of IL-18 receptor (IL-18Rα). We therefore hypothesized that extracellular IL-37 can function through the IL-18Rα surface receptor to mediate its anti-inflammatory effects but that a negative or decoy receptor would be required. The candidate decoy receptor would likely be IL-1R8 [formerly, single IgG IL-1-related receptor (SIGIRR)] because, similar to IL-18BP, IL-1R8 has only a single Ig domain and is known for providing a brake on inflammation (9) . In the present study, we have characterized the function of full-length recombinant IL-37b in inhibiting inflammation in vitro and in vivo and the role of IL-1R8.
Results
Recombinant IL-37 Suppresses LPS-Induced IL-1β, IL-6, and TNFα in M1 Differentiated Human Blood Macrophages. As shown in Fig. S1A , the precursor form of IL-37b was expressed in Escherichia coli and purified to homogeneity. The initial studies examined whether pretreatment with recombinant IL-37b reduces LPSinduced cytokines in PBMCs, an observation based on the reduction in plasma cytokines observed in mice transgenic for IL-37 following LPS challenge (2) . Only a modest but consistent reduction (10-15%) was observed (Fig. S1B) . We next differentiated adherent cells in the PBMC preparations into M1 and M2 macrophages and dendritic cells (DCs) and, after 5 d,
Significance
Interleukin-1 family members are highly inflammatory but IL-37 member broadly suppresses inflammation and specific immunity. Initially, the mechanism of this suppression was shown to be via translocation to the nucleus following cleavage of the precursor by intracellular caspase-1. We now show that recombinant forms of IL-37 limit inflammation by extracellular binding to surface receptors but require the IL-1 family decoy receptor IL-1R8. Unexpectedly, picomolar concentrations of the IL-37 precursor optimally suppress IL-1β, IL-6, and TNFα production from human blood M1 macrophages, suggesting a unique function for a coreceptor function of IL-1R8. Assessment of IL-37 as well as IL-1R8 levels may provide previously unidentified insights into how the host limits inflammation. pretreated the cells for 2 h with IL-37 and then challenged the cultures with LPS. As shown in Fig. 1A , LPS-induced IL-6 production decreased by 35% in M1 macrophages but not in M2 differentiated cells (Fig. S1C ) nor in dendritic cells (Fig. S1D ). Donor variation was observed, but in a subgroup of 35 responsive donors IL-6 decreased to 51% (Fig. 1B) . As shown, maximal reduction in IL-1β, IL-6, and TNFα took place at picomolar concentrations of the IL-37 precursor. We also tested the recombinant IL-37a isoform (Lys27-Asp192) in the same cultures; we observed that the recombinant IL-37a isoform functions in a pattern similar to that of the IL-37b precursor (Fig.  1C) . The recombinant IL-37b precursor and the recombinant IL-37a isoform share exons 4-6.
Recombinant IL-37 Inhibits p38 MAPK Activation in Response to LPS in M1 Macrophages. To examine changes in intracellular kinases that may be modulated by recombinant IL-37, we treated M1 differentiated macrophages with recombinant IL-37b precursor followed by LPS and assessed the lysates in a phospho-kinase array. As shown in Fig. S2 , exposure to LPS increased the p38 MAPK phosphorylation to ninefold over nonstimulated cells. However, in IL-37-pretreated cells, the increase was markedly reduced to twofold. We then further confirmed the findings using individual immunoblotting for specific p-P38, p-ERK, and p-JNK kinases (Fig. 1D) . Consistently, LPS-induced p38, ERK, and JNK phosphorylations were reduced by recombinant IL-37b in the M1 cells.
Effects of Recombinant IL-37 in Mice Subjected to Endotoxemia. We next assessed the effect of recombinant IL-37b injected into mice 1 h before LPS challenge. A 1-h IL-37 pretreatment was effective in other models of inflammation (10, 11) . As shown in Fig. 2A , IL-37b pretreatment protected the mice from endotoxin-induced weight loss and hypothermia. Plasma IL-1β and IL-6 were also reduced 24 h after LPS (Fig. 2B) . We next examined IL-6 levels in whole-organ homogenates at 24 h. In the spleen, IL-6 was reduced by 26%, in the liver by 44%, and in the lungs by 27% (Fig. 2C) . Using a lower dose of LPS, after 4 h IL-6 content in the spleen decreased by 42%, in the liver by 26%, and in the lung by 38% (Fig. 2D ). Plasma TNFα levels were also measured after 4 h; there was a 32% decrease in circulating TNFα (P < 0.05) and a 26% decrease in plasma IL-6 (Fig. S3A) . TNFα content in the spleen was reduced by 32% (P < 0.01) and in the lung by 23% (P = 0.01) but not in the liver.
In addition to these studies using the recombinant precursor form of IL-37, we examined IL-37b with an N terminus at amino acid 46 as determined by Edman degradation of cells transfected with full-length IL-37b (12) . Mice received three i.p. injections 24, 16, and 1 h before LPS. After 24 h, plasma IL-6 as well as spontaneous ex vivo levels of IL-6 from cultured whole blood was determined. As shown in Fig. S4A , mean plasma levels decreased from 4,000 pg/mL in vehicle-treated mice to 1,000 pg/mL. Whole-blood IL-6 production fell from 5,500 pg/million white blood cells to 1,000 pg/million white blood cells (Fig. S4B ). IL-6 production from the number of cells infiltrating the peritoneal cavity decreased by 60% (P = 0.07) (Fig. S4A) .
Recombinant IL-37 Binds to Immobilized IL-18R and the Extracellular Domain of IL-1R8. Although previous studies reported that IL-37 binds to IL-18Rα, no study provided evidence that IL-37 acts as a receptor antagonist for IL-18 (12) (13) (14) . We confirmed that the recombinant IL-37 precursor binds to immobilized IL-18Rα Fc (Fig. 3A) . However, we hypothesized that, upon binding to the IL-18Rα chain, IL-37 does not recruit the IL-18Rβ chain because IL-37 reduces inflammation. Instead, IL-37 would have to recruit a coreceptor that possessed anti-inflammatory properties such as IL-1R8 (15, 16) . As shown in Fig. 3 A and B , recombinant IL-37 binds also to IL-1R8.
IL-1R8 deficiency reverses the anti-inflammatory effects of recombinant IL-37. To define a functional role of IL-1R8 for IL-37, we examined the effect of recombinant IL-37 in bone marrow-derived dendritic cells (BMDCs) from the IL-1R8-deficient mice. Mouse DCs but not macrophages express IL-1R8, and their responsiveness to LPS is increased when IL-1R8 is absent (16, 17) . Similar to the responses in human M1 cells, IL-37 pretreatment reduced LPS-induced TNFα in BMDCs from wild-type (WT) mice by 52% (Fig. 3C , Upper, P < 0.001); IL-6 was similarly reduced (Fig. 3C , Lower) by 51% (P < 0.001). However, these reductions did not occur in BMDCs derived from IL-1R8-deficient mice (Fig. 3C) . We also observed a significant reduction of LPS-induced IL-1β mRNA synthesis by recombinant IL-37 precursor at 1 ng/mL in WT BMDCs (Fig. S5) . LPS triggering of TLR4 leads to downstream MAPK activation and JNK phosphorylation but is enhanced and prolonged in IL-1R8-deficient cells (15) . Next, we compared LPS-induced MAPK activation in BMDCs from both WT and IL-1R8-deficient mice. Consistent with the reduction in cytokine production, the ability of recombinant IL-37 to reduce LPS-induced MAPK activation was also reversed in the BMDCs from IL-1R8-deficient mice (Fig. 3D) . These data reveal that IL-1R8 has a functional role in the anti-inflammatory properties of IL-37.
IL-1R8 Is Abundantly Expressed in M1 Macrophages and Increases Its
Cell-Surface Localization in Response to LPS. We next measured surface expression of IL-1R8 in both resting and LPS-stimulated cells. In resting PBMCs, few CD14+ monocytes express IL-1R8 (Fig. 4A , Upper Left) and nor do CD68+ macrophages or CD3+ lymphocytes (Fig. S6) . However, following LPS stimulation, there is significantly greater surface IL-1R8 (Fig. 4A , Upper Right), whereas the intracellular levels of IL-1R8 remain unchanged (Fig. 4A , Lower Left and Lower Right). In M1 cells, we observed greater numbers of IL-1R8-positive CD14+ macrophages than in freshly obtained PBMCs (Fig. 4B, Upper Left) . LPS stimulation increased IL-1R8 surface expression (Fig. 4B , Upper Right), but total intracellular IL-1R8 remained unchanged (Fig. 4B, Lower panels) . The mean percentage change in surface and intracellular IL-1R8 in PBMC, M1, and M2 macrophages is summarized in Fig. 4 C and D. Overall, CD14+ M1 cells have greater IL-1R8 surface expression compared with resting PBMCs and show a robust increase of surface IL-1R8 level with LPS (mean change 8-30%, Fig. 4C ). IL-1R8 surface expression on CD14+ M2 cells is nearly unchanged (Fig. 4C) .
IL-37-Related Gene Expressions in PBMCs and M1 Macrophages.
Consistent with flow cytometry data, we detected high levels of IL-1R8 mRNA in M1 cells compared with PBMCs (Fig. 5A) . Moreover, we found that both IL-18Rα and IL-1R8 mRNA levels increase with LPS stimulation (Fig. 5B) , although the increase in IL-18Rα is modest. TNFα gene expression is also increased in M1 cells following LPS (Fig. 5B) . At picomolar levels of IL-37, we observed a marked increase in IL-37-pretreated LPS-induced steady-state mRNA levels of IL-1R8 (Fig. 5B , Middle) but also a marked reduction in gene expression for TNFα. mRNA levels of IL-18Rα were similar for LPS as well as LPS plus IL-37 (Fig. 5B) .
Neutralization of Endogenous IL-37 in LPS-Stimulated PBMCs Results
in an Increase of Inflammatory Cytokine Production. Studies with siRNA knockdown indicated a suppressive role for endogenous IL-37 in PBMCs (2). However, it remains unclear to what extent nuclear translocation of IL-37 accounted for the increase in cytokines with the knockdown of total endogenous IL-37 or whether the IL-37 precursor in the extracellular compartment affected the observation. We thus added a neutralizing monoclonal anti-IL-37 to freshly obtained PBMCs to prevent the extracellular function of endogenous IL-37. As shown in Fig. 6 , anti-IL-37 increased IL-1β. This increase in LPS-induced cytokine production was compared with the control IgG treatment (Fig. 6 ). IL-6 increased more than 2.0-fold. TNFα increased 1.6-fold and IL-1β increased 1.6-fold.
Discussion
Although IL-37b translocates to the nucleus following LPS activation and is associated with decreased cytokine production , we sought to demonstrate an extracellular role for IL-37. We used two methods: first, we assessed the activities of recombinant IL-37 added to cells in vitro or injected into mice challenged with LPS. Second, we used a neutralizing antibody to IL-37 to prevent the effects of endogenous extracellular IL-37. Both methods revealed that IL-37 functions extracellularly to suppress cytokine production induced by LPS. These data are a confirmation of the binding of IL-37 to an extracellular receptor, in this case IL-18Rα (12, 13), but in contrast to an increase in inflammation, as would be expected from an IL-18 signal, the extracellular effects of IL-37 results in reduced inflammation. To do this, IL-37 exploits the decoy IL-1R8 because cells deficient in IL-1R8 do not exhibit reductions in cytokines when exposed to recombinant IL-37 compared with WT cells. We also show that recombinant IL-37 binds to immobilized IL-18Rα as well as to IL-1R8. Others have reported a role for the extracellular domain of IL-1R8 (18) . Thus, IL-37 is ligand for the orphan receptor IL-1R8. IL-1R8-deficient mice consistently have greater disease severity in various models of inflammation (16, 19, 20) .
In the present report, we studied the biological properties of the recombinant IL-37b precursor. However, it remains unclear to what extent extracellular processing of the precursor takes place in vitro or in vivo. We compared recombinant IL-37a isoform with an N terminus at lysine 27 (Lys27-Asp192) to the IL-37b precursor on M1 macrophages. The precursor was more active in suppressing LPS-induced LPS. The N terminus at Lys27 of IL-37a is nine amino acids forward from the consensus sequence, specifically IHD. In a model of hepatic ischemia reperfusion injury, the IL-37a isoform is protective (10) . A recombinant form of IL-37b with the N terminus at the predicted caspase-1 site bound to the immobilized recombinant IL-18Rα chain (13) . In combination with the IL-18BP, this form of IL-37 suppressed IL-18-induced IFNγ (14) .
We also assessed the in vivo effect of recombinant IL-37 with an N terminus at amino acid 46. Amino acid 46 is in exon 4, and IL-37a, IL-37b, and IL-37d share exons 4-6. The amino acid valine 46 was found during Edman degradation of supernatants from cell lines transfected with full-length IL-37b. Both the fulllength and the processed form (N46) were found in the supernatants (12) . The recombinant N46-218 injected into WT mice suppressed circulating IL-6 levels fivefold. It is possible that the IL-37 precursor is processed in vivo to a form similar to N46-218. Nevertheless, we conclude that processing increases specific activity of IL-37.
The variable responses to IL-37 in PBMCs appear to be related to the presence of surface expression of IL-1R8. The flow cytometric data reveal that M1 cells express more surface and total IL-1R8 compared with PBMCs and M2 macrophages (Fig.  4 C and D) and thus may account for the low responsiveness of these latter two cells. As only picomolar concentrations of recombinant IL-37 initiate an anti-inflammatory response (Fig.  1) , the limiting factor in the response to the ligand is likely the level of surface IL-1R8 expression. IL-1R8 expression levels are variable in the different species and cell types (16) .
An unexpected finding is that both the IL-37b precursor and the IL-37a processed form reduce LPS-induced IL-1β, IL-6, and TNFα in the picomolar range with the optimal reduction consistently observed at 1,000 and 100 pg/mL. Low-picomolar concentrations of IL-1β and IL-1α induce IL-6 from A549 cells, which are rich in IL-1R3 but low in IL-1R2 (21) , and thus we can conclude that high surface levels of IL-1R8 on M1 macrophages account for the high level of sensitivity. Similarly, nanomolar concentrations of IL-37 in PBMCs (100 ng/mL) can increase the production of LPS-induced cytokines in some donors, which is also observed for IL-10 (22). We propose that at picomolar concentrations, IL-37 binds IL-18Rα and recruits IL-1R8, whereas at micromolar concentrations the complex of IL-37/IL-18Rα may recruit IL-18Rβ and the corresponding IL-18 signal. Using siRNA knockdown of endogenous IL-37 in PBMCs, there was an increase in LPS-and IL-1β-induced IL-6, TNFα, and IL-1β production, revealing functional endogenous IL-37 in these cells (2) . Similarly, siRNA to IL-37 in human renal tubular epithelial cells resulted in increased IL-6, IL-1β, and TNFα when stimulated by IL-18, LPS, or IFNγ (23) . Despite this near-global increase in cytokines, it remained unclear whether the increase in cytokines was due to nuclear translocation of endogenous IL-37. In the present study, we treated PBMCs with an anti-IL-37 monoclonal antibody to prevent extracellular effects of endogenous IL-37. The increase in LPS-induced cytokine production (Fig. 6 ) was observed at concentrations as low as 1 μg/ mL and 100 ng/mL of the antibody. This is consistent with the concentration range of recombinant IL-37 in vitro (Fig. 1) . As only picomolar concentrations are needed to limit inflammation, a correspondingly low concentration of anti-IL-37 would be required to block extracellular endogenous IL-37.
Members of the IL-1 family bind to their respective ligandbinding receptor chain but recruit different coreceptor accessory chains. For example, the ligand-binding chain for IL-1α and IL-1β is IL-1R1 and the coreceptor is IL-1R3; IL-1R3 also serves as the coreceptor for IL-1R2, IL-1R4, and IL-1R6 (24) . IL-18 binds to IL-18Rα (IL-1R5), and its coreceptor IL-1R7 results in a proinflammatory signal. Although IL-37 binds to IL-18Rα (12, 13) and IL-18BP (14) , no coreceptor has been identified for IL-37. IL-37 does not act as a receptor antagonist for IL-18Rα (14) . Moreover, in mice deficient in IL-18Rα or using a blocking antibody to IL-18Rα, a hyper-responsive state has been observed (25, 26) . In the present studies, we provide data supporting that the recombinant IL-37 precursor binds to immobilized IL-1R8 and suggesting that IL-1R8 acts as the coreceptor for IL-37. IL-37 fails to suppress LPS-induced cytokines as well as MAPK in dendritic cells from IL-1R8-deficient mice (Fig. 3) . These data are consistent with mice deficient in IL-1R8 showing greater inflammation than WT mice (15, 16, 27) . In a model of inflammatory aspergillosis, recombinant IL-37 precursor is protective but not in mice deficient in IL-1R8 (11) . Together, these data support the concept that the anti-inflammatory and immunosuppressive properties of extracellular IL-37 require the decoy effect of IL-1R8. This finding 
